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Type la supernovae cosmology results

wCDM Constraints For Combined Samples
1 1 1

—0.50

Scolnic et al.

sl (2018)

27.0% Ordinary Matter

Dark Energy

—0.75

68.0%

2 —1.00

—1.25

Dark energy equation of state parameter

* ‘Pantheon’ SN sample - 1000 SNe from
001<z<?23

—1.50
0.2 0.3 0.4 0.5

* W consistent with -1 (SCO|ﬂiC et al. 2018) Fraction energy density of dark matter, Qm

e |s w time varying?

* Ho - Investigating tension between the
early and late Universe measurements
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Type la SN discoveries in the next decade

Mid-z (0.1 <z< 1)
DES, LSST, PS, Euclid,
Low-z (z < 0.1) Roman

ASASSN, PS, ATLAS, ZTF,
LSST, LS4 +

100000 High-z (z > 1)

HST, JWST, Roman, Euclid

10000

1000

100

Total Number of SN

10

0.01 0.1 Redshift 1

Boxes: Total anticipated discoveries across each redshift range

Points: Expected classifications with spec. follow-up (shown

approx. at median z)
Adapted from Scolnic+
Astro 2020 white paper
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High-redshift Type la supernovae for cosmology

Euclid

SN la DESIRE survey out to SNe la outto z~1.7
z~1.6 (Astier+ 2014) (Spergel+ 2015)

JWST

Potential for SNe laouttoz ~ 5
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Space-based high redshift missions - Euclid + Roman

low-2 Astier et al. (2014)
LSST Shallow)

LSST DDF

—
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Euclid

Events per A z=0.1
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SN
1 1.5
Redshift

 Euclid SN |la DESIRE survey - 1800 SNe in 6 months of telescope time

o Similar survey planned with Roman - High Latitude Time Domain Survey
(HLTDS) + spectroscopy
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Type la supernova (and host) spectroscopy is essential

shida et al. (2018 - i
shida etal. (2018) Aiming for photometric

i , classification for SN la cosmology
f 1 ~ samples
VOO N : o But spectroscopic validation
' | . samples still needed
e £| Ts for high-z events
™ Ny e Multi-object spectrographs e.g.
- - 4MOST

e Biggest limitations in future SN la cosmology
o (Calibration

e Lack of knowledge of SN la physics, e.g. progenitor evolution
with redshift, what exactly explodes
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How do Type la supernovae explode?

Scenario 1 Scenario 2

Single degenerate” Double degenerate”

_ Credit: HoweII

Red giant”? Main-sequence star? Another white dwarf?

* Progenitor system has never been directly detected
* Most likely both contribute to ‘normal’ SNe la

* Key question is relative rates
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Two broad classes of explosion models

Explosion at Explosion
NMchandra (1 4 Msu n) SUb'Mchandra (<1 4 Msu n)
! Double-detonation?
Mch ]
(via winds)? : Helium
i
i
i

[

(via RLOF)?

collisions?

Mch
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What observations can distinguish between explosion
scenarios for Type la supernovae?

Pre-max. Host galaxy studies

Companion star
interaction

>150 days

Flux
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SN explosion Core
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Why are early SN la light curves interesting?

He-shell detonation?
Ejecta - companion star (Noebauer+ 2017)
interaction? Ejecta mixing?
; | ' (Magee & Maguire 2020) ayer.

N

\'.‘A. % psin®

S o

-19:-' -

no companion

First days

after explosion Kasen (2010) 3 Ejecta - CSM
3 interaction?
"cé;) ; (Piro & Morozova 2016)
: — e |
= ———— 2Mo MS E CSM
6 —
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Early flux excesses identified in Type la supernovae

SN 2017cbv I\/IUSSES1604D Jiang et al. (2017)

6- -20F a Lines are different mass WD-
1 ® observations
| — SN Ia + shock - T TS~ with He shells |
1 === SN Ia only g ..
3 ] §-18—
g 4- =
O S
= £ 16
N =
2 21 o r
) 1 =
- g1 |
] < :
~] [
=S abC :
g ] -12_ | ".
g 0 10 20 30 40
g Days since explosion
t_TB,max (d)
-17 -15 -13 11 -9 -7 %5 0 10 20 40 60 80100
1 o 21”%”1'0_ 40 15_3 3088?888 °
Days from Explosion ] © o ®HNEN ¥ @%%
Hosseinzadeh et al. (2017) 16° . 2 \%o% %
J N [o) @
N 171 o B % o %@
a) *'o g by
<18 = “F . o§ |
> ; % ©
Early UV flash 2 10 s, o . -
. ] =l o =R -
SN 2019yvq Miller+ 2020 2 ¢ i o © " ?
] rzte vy
21 ] © 9ztF q] v fh Y
1 @ uvwl ull] !
{ @ uvm?2
Dr. Kate Maguire 0O 1 2 3 4 5 6 780910 15 20 30 40 50 60 80 100 130

t—tq (d)



Properties of early flux excesses

Deckers, KM, + (2022)

0.6} T Companion Interaction
*ONi-Clumps
0.4

0.2r | TF18abdfwwr
ZTF18aava¥_ei | T T
0ol SN 2017¢b
T ZTFqBabpcmuP 2019yvg
-0.2 ' '

ZTF18abxgeshl 224?99 =Tt 18abdfazk

g — r 3d post explosion

—-0.6F

-0.8} ) CSM interaction (V-band)
0 2 4 6 8 10 12 14
Duration flux excess (d)

e /TF sample of 115 SNe la - Intrinsic rate of ‘oumps’ of 18 +/- 11%

¢ Use time scales to determine link to explosion models
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How do we identify the origins of flux excesses?

e \ery early detection - high cadence ground
based tacilities

e Model are brightest in the UV

* Neil Gehrels Swift observatory - rapid UV
imaging

e Phase A approved for UVEX - UV imaging
survey + spectroscopy

etarly UV A ‘ AR L
ar : \\:" ‘<L: iy s ’ \\ “;’ l{"‘ A \/\h\‘\’\’—v;c\\'eml“f-k 'M-‘:L - lL[ : Z
. ' ) v N 7 \ =i~
spectroscopy with = 0 - ssoe A A\ iz 0672
- = - ’. . 4 ‘~.‘ |
O L™ ’\‘-. P df o \7 , -
HST (e.g. Brown & «L  »™" 7/ o] A T
. 2018 O U A A A A [ A L NS :
eta )' = 5 ,‘””f ' ," | | v‘/“”» e -
. . - E ) ’ I Inn] rOWVIER o~ 10
probe diversity : T * PESNE
!" H:‘ ---—""".‘~—L_,-""'L/".' 4 i i d 4 U\
1500 2000 2500 3000 4000 S50(%) 6000 7000 SO0

Wavelength |[Angstroms)

Dr. Kate Maguire

Flux x 10 [erg/s/c



What observations can distinguish between explosion
scenarios for Type la supernovae?

>150 days

od Timeline from explosion ~250d \

Flux

SN explosion Core

nucleosynthesis
Companion star/

He-shell detonation/
Nickel mixing

&
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Studying nucleosynthesis with late-time spectroscopy

Fe-group elements

e Quter layers of ejecta become
transparent with time

« Any Ni observed at late [Fe II}[Fe Il Maguire+ (2018):'

times is stable Ni and _ ’\
highly dependent on density
of WD at time of explosion

g
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Late-time observations suggest sub-Chandrasekhar mass
explosions _ ——sub-Mgn Men ——

» ‘,' 'sul,')-l\'ich‘ ' ' 1\"'1011' '
o s & Double Det. Del. Det.
(Shen et al. 2017) (Seitenzahl et al.
2013)

e SNe |la more consistent
with sub-Chandrasekhar ® 10M,

mass models z < (1)(1) il
e HST + JWST studiesto = i
study Ni/Fe ratios 2.0 Zo

Flors+ (2020)

Mni/Mpe =
0.019
0.034X0010

68%

<— —

1 1 1 1 1 1 1 ! | 1 ! 1 1 1 1 1 1 1 1 L L 1
0.00 0.02 0.04 0.06 0.08 0.10
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How do Type la supernovae explode?

Scenario 1 Scenario 2
\'- 4 . | _ Credit: HoweII
Explosion at Explosion
NMchandra (1 4 Msu n) SUb'Mchandra (<1 4 Msu n)
eEarly bumps in 20% e Ni/Fe ratio at late times
(e.g. Deckers+ 2022) e | ack of companion star
e CSM interaction in 20% detections

e Combined observations from early to late times

e More detailed explosion model predictions
Dr. Kate Maguire
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Exploring the unknown: faint and fast white dwarf
supernovae

A

Normal Type la supernova

Flux

Faint and fast
supernova

od Timeline from explosion ~250d
SN explosion

Disruption of a WD
by a black hole?
(Rosswog+ 2009)

Helium shell White dwarf - neutron
detonations? (Shen+ 2010) star merger? (Metzger 2012)
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Diversity of white dwarf transients
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Diversity of white dwarf transients
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Proposed explosion mechanism for brighter SNe lax

» Explosion doesn’t completely unbind Remnant

a Chandrasekhar-mass white dwarf
(e.g. Fink+ 2014)

* Remnant left behind (~0.2 Msun)

* Pre-explosion imaging suggests blue
companion star - He star?

" |HST ACS 2005/2006 .-b
]

| HST WFC3 2013

McCully et al. (2014)
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SN 2020udy - a bright ZTF-discovered lax

* Very early detection - 7 hours
after expected first light

- Excellent agreement with Mch
deflagration model - most
consistent with He-star
companion

* No polarisation signature
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Diversity of white dwarf transients
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- 1CO+ONeWD  |{CONe WD CO WD
i ' merger ! deflagration deflagration
6r i Kashyap+2018 i Kromer+2015 Fink+2014
- Peak of -12.7 mag in r band F §
- Ni mass of 0.8 x 10-3 Msun g4F §
: : z :
- Hybrid CONe WD model deflagration?  {sf 5
- CO + ONe WD Merger? N |
E i SN2021fcg i
ir |
Dr. Kate Maguire 0—+ —i2 . —ll4 T —1161 | —.18| |

Faintest of them all : ZTF 21aaoryiz/SN 2021fcg — Discovery of an extremely low luminosity Type lax supernova

VIRAJ R, KARAMBELKAR,' MANSI M. KASLIWAL,! KATE MAGUIRE,” SHREYA GG. ANAND,' IGOR ANDREONI,'
KisHALAY DE,! ANDREW DRAKE," DMmirry A, Duev,” MATTHEW J. GRAHAM,' Erik C. Koor," Russ R. LAHER,”
MARK R. MAGEE,”? AsHISH A. MAHABAL,"” MicHAEL S. MEDFORD,™" DANIEL PERLEY," MickAEL Ricavrr, M
BEN RUSHOLME,” STEVE SCHULZE,'? YASHVI SHARMA,' JESPER SOLLERMAN,' ANASTASIOS TZANIDAKIS,'
RICHARD WALTERS,'' AND YUHAN YaO'

Sclience rererence pirrerence

Karambelkar+ (2021)

Mr, peak



Diversity of white dwarf transients

_l [T 1 ‘ 1T 1T 1 ‘ [ | T 1T 1 ‘ [T 1T 1 ‘ 1T 1T 1 [T 1T 1 .
—-21 :— Super—(jsl;\laen}i;asekhar —
s
2 Normal SNe la
E ; SNeAIa—CSM l
~191 i o E
-7 2020udy 4 Deflagration of
é | 91bg-like : %’A é Mch WD W|th He
: 161 _ B donor?
= - .
| 1 White dwarf
14 f_ g?crl?elil eSthl.IaZ(gg%m ll-“f(‘” merg er'?
- — Phillips relation s ‘I*?
00 05  1p 15 20N 30 s
* Am,5(B)
2021fcg Taubenberger (2017)

Faster evolving —=——————»>

Dr. Kate Maguire



Diversity of white dwarf transients
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Ca-strong transients - only found in all-sky surveys

e [Far from host centre 8 - 80 kpc with some strict limits on
globular clusters (Lyman et al. 2016)

* Intrinsic preference for remote locations (Yuan et al. 2013,
Frohnmaier et al. 2018)
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Ca-strong transients - faint and fast evolving

e Strong [Ca ll] emission at : . : o ;
late times - : : ] E
e 33-94% of SNe la rate : :

(Frohmaier, Sullivan, KM+
2018)

e Major contributor to Ca
enrichment in the Universe?

PTF11kmb +89d

e Explanation for observed
Ca/Fe over-abundance (de
Plaa+ 2007, Mernier+
Mulchaey+ 2014, Mernier+
2016)7

e He-shell detonations?

. Sell+ (2015) - WD+IMBH
TDES? 4000 5000 6000 7000 8000 9000

Rest Wavelength (A)

Scaled F, + offset

SN2005E +50d

[0 1] “[Ca Il]

Lunnan et al. (2017)
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Tidal disruptions of WD by intermediate-mass black holes

I I 1

- Ross'wog+' (2009')

N\
/" \_ White Dwarf Enters-

Sneowat 7\ ®adkele o Simylations of WD+IMBH
10°F M =02Mo\ 1 systems (e.g. Luminet &
' /’ 1 Pichon 1989; Rosswog+ 2009;
' Haas+ 2012; Tanikawa+ 2017;
) Kawana+ 2018: Anninos+
o M= 14 | 2018, Tanikawa+ 2018)

No Disruption

| | | | 1 |

107 10°

M, /Mo

800
600
400

. 200

—-200

-6 -4 -2 0 2 -6 -4 -2 0 2 - 6 -600 —-400 —-200 0 200 400 600

Rosswog



WD TDE observables

S0

a8F # Jer

46+

]

My =10 M

vL,, |erg s

404

— N A

26l :(;)ff;;;“' MaclLeod+ (2016)

w— 1) GHZ

monucical Tre
0| _ ) *Opncal
Disk Thermal X-ray “ta

Jet Afterglow
Radio

-3 —4 -3 -2
time [yr]

Fall-back accretion, X-ray flare
peaking at 0.25 keV (Macleod+
2016)

Light curves of optical transients
fainter than normal SNe la with
wide range of widths depending
on viewing angle

AT2016hnk - Ca-rich with no
Chandra X-ray emission (Sell+
2018)

e Unexplained X-ray flares identified (e.g. Jonker+ 2013, Glennie+ 2015,

Bauer+ 2017)

e | SST-detectable event rate of ~ 14 - 290 yr-' (MaclLeod+ 2016)

e (Connection to other (rarer) exotic transients?



Characteristic Strain

Gravitational wave emission from white dwarfs
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gwplotter.com
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1) Resolved galactic
binaries

Measure rates of close white
dwarfs and interacting
systems

Probe SN la progenitor
channels

Calculations for WD + IMBH TDE - WD on unbound orbit unlikely to be

seen in GW

In bound orbits get 2) ‘extreme mass ratio inspirals’

 Models for systems up to 100 Mpc (Sesana+ 2008) - build-up of

signal during last years of inspiral

Rare events but get early warning of impending EM TDE



Summary

- What time-domain/multi-wavelength observations are critical for answering
fundamental science questions for this source?

 Cosmology - coordinated space (high-z) and ground (low-z/mid-z) observations

* SN la progenitors, physics, & nucleosynthesis - ground-based high cadence
survey, UV + NIR, low-frequency GW

* Diversity of WD explosions - high cadence ground-based observations,
coordinated X-ray, UV & optical, low-frequency GW

- Is this source a potential multi-messenger candidate (i.e., expected to be detected
in GW and/or particles/neutrinos)? If so, what is the expected multimessenger
output and the prospects for detection in the next 10 years?

 TDEs from WD+IMBH - low-frequency GW

- What is needed for the time domain/multi-wavelength and/or multi-messenger
detections described above (more theory work, more observations, new
technology, new missions/facilities, etc.)?

* Theory work on explosion models, coordinated observations, UV, low-frequency GW

Dr. Kate Maguire



